The hippocampal formation contains a distinct population of neurons organized into separate anatomical subregions. Each hippocampal subregion expresses a unique molecular profile accounting for their differential vulnerability to mechanisms of memory dysfunction. Nevertheless, it remains unclear which hippocampal subregion is most sensitive to the effects of advancing age. Here we investigate this question by using separate imaging techniques, each assessing different correlates of neuronal function. First, we used MRI to map cerebral blood volume, an established correlate of basal metabolism, in the hippocampal subregions of young and old rhesus monkeys. Second, we used in situ hybridization to map Arc expression in the hippocampal subregions of young and old rats. Arc is an immediate early gene that is activated in a behaviordependent manner and is correlated with spike activity. Results show that the dentate gyrus is the hippocampal subregion most sensitive to the effects of advancing age, which together with prior studies establishes a cross-species consensus. This pattern isolates the locus of age-related hippocampal dysfunction and differentiates normal aging from Alzheimer's disease. C ross-species studies have documented that the hippocampal formation, a structure vital for learning new memories, is particularly vulnerable to the aging process (1-3). A complex structure, the hippocampus is divided into separate but interconnected anatomic subregions: the entorhinal cortex, the dentate gyrus, the CA subfields, and the subiculum (4). Each hippocampal subregion contains a distinct population of neurons that express a unique molecular profile (5). This uniqueness can account for why each hippocampal subregion is differentially vulnerable to mechanisms of memory dysfunction (6). For example, transient hypoperfusion will cause hippocampaldependent memory deficits by targeting the CA1 subregion, whereas early Alzheimer's disease causes an overlapping memory deficit by targeting the entorhinal cortex.
C
ross-species studies have documented that the hippocampal formation, a structure vital for learning new memories, is particularly vulnerable to the aging process (1) (2) (3) . A complex structure, the hippocampus is divided into separate but interconnected anatomic subregions: the entorhinal cortex, the dentate gyrus, the CA subfields, and the subiculum (4) . Each hippocampal subregion contains a distinct population of neurons that express a unique molecular profile (5) . This uniqueness can account for why each hippocampal subregion is differentially vulnerable to mechanisms of memory dysfunction (6) . For example, transient hypoperfusion will cause hippocampaldependent memory deficits by targeting the CA1 subregion, whereas early Alzheimer's disease causes an overlapping memory deficit by targeting the entorhinal cortex.
Although a number of studies suggest some cell loss with age (7, 8) , compared to neurodegeneration, aging is characterized by a relative absence of frank cell death and lacks definitive histopathological markers (9) . Rather, aging affects hippocampal performance by impairing normal neuronal physiology, expressed as synaptic dysfunction. This physiologic feature of aging accounts, to a large degree, for the difficulty identifying the primary hippocampal subregions most sensitive to normal aging. Not only is quantifying synaptic dysfunction difficult in postmortem tissue (10) (11) (12) , but because of hippocampal interconnectivity, dysfunction in one subregion affects physiologic properties in other hippocampal subregions (1) and even throughout the circuit as a whole. Thus, assessing the functional integrity of each hippocampal subregion individually and simultaneously in living subjects is an effective approach for pinpointing the primary site of age-related hippocampal dysfunction.
Most in vivo functional imaging techniques can assess global hippocampal function but do not have sufficient spatial resolution required to visualize individual hippocampal subregions. One study used a high-resolution variant of functional MRI (13) to image individual hippocampal subregions across the human lifespan (14) . Although a decline in signal was observed throughout, the dentate gyrus was the dominant hippocampal subregion that had a pattern of decline most consistent with normal aging (14) . These results remain inconclusive, however, because of the difficulty in excluding individuals in the earliest stages of Alzheimer's disease, even among nondemented elderly. Furthermore, although the MRI technique used in the study is sensitive to deoxyhemoglobin, a hemodynamic correlate of brain metabolism, it is also sensitive to other tissue elements (13), such as iron, which cannot be excluded as factors influencing the observed effect.
Our first experiment was designed to address both limitations. Rhesus monkeys were chosen as our experimental group, because they, like all nonhuman mammals, develop age-related hippocampal dysfunction but do not develop Alzheimer's disease (9) . Animals were imaged with an MRI technique that generates a measure of regional cerebral blood volume (CBV). Among the three correlates of oxidative metabolism that can be measured with MRI, cerebral blood flow, cerebral blood volume, and deoxyhemoglobin content (15, 16) , we chose to rely on MRI measures of CBV to assess hippocampal function. CBV can be measured with higher spatial resolution compared with cerebral blood flow (17) , and it provides a purer measure of basal metabolism compared to maps sensitive to basal deoxyhemoglobin (13) . MRI measures of CBV have been shown to tightly correlate with regional energy metabolism and cerebral blood flow (for example, see refs. 16 and 18) , and can successfully map dysfunction in the brain (18) (19) (20) (21) , including the hippocampal formation.
Any hemodynamic measure is only an indirect correlate of brain metabolism and cannot exclude that an effect is influenced by primary vascular alterations (22) . Furthermore, MRI does not have neuronal resolution. Our second experiment was designed to address these issues. Arc is an immediate early gene whose expression is correlated with spike activity. Arc also modulates long-term potentiation (23) (24) (25) , a mechanism associated with memory and impaired by aging (1) . The cellular localization of Arc mRNA can be used to determine which individual neurons participate in a specific behavioral experience. This new methodology, cellular compartment analysis of temporal activity by fluorescence in situ hybridization combined with high resolution confocal microscopy (or catFISH) was used to map the expression of Arc mRNA in single cells of young, middle-aged, and old rats, after exploration of a novel environment. This imaging approach can directly assess behaviorally induced physiological function with single-cell resolution.
Methods
Mapping Regional CBV in Rhesus Monkeys. Fourteen rhesus monkeys (Macaca mulatta), 7-31 years of age, participated in the study and were imaged with a 1.5-T scanner. During preliminary studies, we identified a T1-weighted acquisition protocol that optimized visualization of the hippocampal subregions (Fig. 1) . Whole-brain 3D T1-weighted images (time to repeat, 50 ms; time to echo, 5 ms; flip angle, 35°; in plane resolution, 0.62 mm ϫ 0.62 mm; slice thickness, 2 mm) oriented perpendicular to the hippocampal long-axis were acquired before and 4 min after i.v. administration of the contrast agent gadolinium (0.1 mmol͞kg). Studies suggest that this slice thickness does not introduce volume average artifacts, which could hinder reliable regional identification (26) . As previously described (17, 27) , the change in signal intensity was used to calculate absolute steady-state CBV maps, filtering out pixels with a value Ն10% that reflect large blood vessels. For each subject, the precontrast scan was used to identify slices in which the external morphology and the internal architecture of the hippocampal formation were best visualized (Fig. 1) . On average, two slices per animal met these criteria, and the slices were typically located in the anterior body of the hippocampus. Unlike humans (14) , identifying the entorhinal cortex and the subregions of the hippocampus proper in a single slice is difficult. Therefore, measurements of the entorhinal cortex were selected in more anterior slices, typically at the level of the uncus (Fig. 1) . For each slice, visualized anatomical landmarks were used together with standard atlases (28) to identify the general locale of four subregions: the entorhinal cortex, the dentate gyrus, the CA1 subfield, and the subiculum. To minimize volume-averaging artifacts, the values of the four highest pixels per subregion were averaged, reflecting gray matter CBV. A mean total CBV measurement was calculated by averaging signal from both slices, and this CBV measurement for each hippocampal subregion was used for group data analysis. To test the reliability of the anatomical criteria, region of interests were determined independently by two separate investigators, and reliability analysis revealed a high level of correspondence across all subregions, ranging from an alpha of 0.8 to 0.88.
Hippocampal-dependent memory tests were performed in a subgroup of animals. Delayed nonmatching-to-sample testing was conducted in a manual apparatus as described in detail elsewhere (29) . Briefly, delayed nonmatching-to-sample trials consisted of a sample object presentation followed by a recognition test. The sample appeared over the baited central well of the test tray, and, after a response, an opaque barrier was lowered to impose a retention interval. The sample item was subsequently presented together with a novel object that covered a food reward. Objects were selected from a large pool such that a new pair was presented on each trial. During initial testing, monkeys learned the nonmatching rule with a 10-sec retention interval, to a criterion of 90% correct or better (across 100 trials, 20 trials per day, intertrial interval ϭ 30 sec throughout testing). Demands on recognition memory were subsequently increased by imposing successively longer delays of 15, 30, 60, 120 sec (100 trials total at each delay, 20 trials per day) and 600 seconds (50 trials total, 5 trials per day).
Mapping Arc Expression in Rats.
Experiments were conducted with male F344 rats (Harlan Sprague-Dawley) from three different age groups (9, 15, and 24 months old; 10 animals per age group). Animals were handled before behavioral exposure to ensure acclimatization to the experimenter. Environment A was a circular platform 0.36 m 2 in area, divided into nine 0.04-m 2 grids, containing 30-cm-high walls. Environment B was a square platform 0.36 m 2 in area, divided into nine 0.04-m 2 grids placed on a 10-cm-high platform, with no walls, and located in a different room. In both cases, the entire environment could be uniformly explored. The animals were allowed to explore the entire environment by being picked up by the handler and released in the center of one of nine different grids at random every 10 sec during the 5-min exploration. The rats were allowed to explore environment A for 5 min, were returned to their home cages for 20 min, and then allowed another 5 min exposure to either environment A or environment B for 5 min before being killed. Brains were rapidly removed after either the environment A͞A or environment A͞B exposure and processed for in situ hybridization for Arc gene expression.
After behavioral exploration, animals were decapitated, and the brains were quick frozen in isopentane cooled over an ethanol͞dry ice bath and stored at Ϫ70°C. Twenty-micrometerthick coronal sections were cut and arranged on a slide so that all of the experimental groups were represented on each slide. Sections were thaw-mounted and dried before storage at Ϫ70°C. Riboprobes were generated from the full-length Arc cDNA (Ϸ3 kb in length, described in ref. 30 ) by using a commercial RNA transcription kit (Maxiscript, Ambion, Austin, Texas) and RNAlabeling nucleotide mix containing digoxigenin-tagged UTP Maps of CBV were generated from T1-weighted images that possess high spatial and anatomical resolution. Images were acquired perpendicular to the hippocampal long axis, and the upper left image shows an example in which the hippocampal subregions can be visualized. The external morphology and the internal architecture of the hippocampus (white lines) are used as landmarks to segment the hippocampus into the subiculum (blue), the CA1 subfield (green), and the dentate gyrus (red). Note that border zones between the subiculum and CA1 subregion are excluded from analysis. The entorhinal cortex (yellow) is identified in more anterior images, as shown in the lower left image, relying on the underlying white matter and the collateral sulcus as anatomical landmarks.
(Roche Molecular Biochemicals). Fluorescence in situ hybridization was performed as described (24) . Briefly, riboprobes were purified on a G-50 spin column (Boehringer Ingelheim), and a small aliquot was subjected to gel electrophoresis before use for determination of yield and integrity of the riboprobes. Slides containing the sections were thawed to room temperature, fixed with freshly prepared buffered paraformaldehyde (4%), treated with 0.5% acetic anhydride͞1.5% triethanolamine, incubated in methanol and acetone (1:1) for 5 min, and equilibrated in 2ϫ saline sodium citrate (SSC). Sections were incubated with 100 l of 1ϫ prehybridization buffer (Sigma) for 30 min at room temperature. Approximately 100 ng of riboprobe was diluted in 1ϫ enhanced hybridization buffer (Amersham Pharmacia), heat-denatured at 90°C, chilled on ice, and applied to each section. A coverslip was placed on each slide and incubated overnight at 56°C. Post hybridization washes started with 2ϫ SSC, increased in stringency to 0.5ϫ SSC at 56°C. RNase A (10 g͞ml) at 37°C was used to dissociate any single-stranded RNA. After quenching the endogenous peroxidases with 2% H 2 O 2 , slides were blocked with blocking agent (NEN Life Sciences, Boston) and incubated with an antidigoxigenin Ab conjugated with horseradish peroxidase (Roche Molecular Biochemicals) overnight at 4°C. Slides were washed with Tris-buffered saline containing 0.05% Tween-20, and the horseradish peroxidase-antibody conjugate was detected by using NEN fluorescence in situ hybridization detection kits. Glass coverslips were applied to the slides after counterstaining with propidium iodide (Vector Laboratories) with a small amount of antifade media and sealed with nail polish.
Stained sections were imaged with a Leica TCS-4D laser scanning confocal microscope equipped with an argon-krypton laser. The entire dentate gyrus was imaged with a Nikon ϫ5 objective. Maximal resolution images (1024 ϫ 1024 pixels) were acquired by using the maximum confocal pinhole setting to increase the optical section thickness so that labeled cells could be seen from a single image. After optimization of laser settings, detector gain and offsets were kept constant for each confocal session to minimize variability. The CA3c and CA1 subregions of the hippocampus were imaged with a Nikon ϫ40 oil objective. The entire CA3c region was included in the analysis. Two to three frames from identical anatomical regions were imaged for the CA1 subregion per slide. The total number of CA1 cells analyzed for each rat ranged from 88 to 170 cells. Areas of analysis were Z-sectioned into 1.0-m optical sections and analyzed by an experimenter who was blind to conditions by using the METAMORPH image analysis software (Universal Imaging, Downington, PA). To minimize sampling errors, only cells with whole nuclei were assessed and included in the analysis. Arc RNA-positive labeling was observed in nucleus, perinucleus͞ cytoplasm, or both. Analysis of 164 frames in the dorsal blade of the dentate gyrus contained 222-237 cells per frame (512 ϫ 512 pixels) with an average of 230 cells per frame for young, middle-aged, or old animals. Cells containing Arc RNA labeling were counted and normalized to the total number of cells and number of frames.
Results
Imaging Aging Monkeys. The relationship between CBV and age, as measured from each hippocampal subregion, is shown in Fig.  2 . Because of hippocampal circuit properties (1), a primary site of dysfunction will influence function in other hippocampal subregion. We, therefore, first performed a multivariate stepwise regression analysis, in which CBV from each hippocampal subregion was included as the independent variable and age was included as the dependent variable. This analysis is designed to control for circuit-wide effects. This analysis revealed that the dentate gyrus was the only hippocampal subregion whose CBV significantly correlated, inversely, with age (beta ϭ Ϫ0.77; P ϭ 0.001). To confirm this effect in a univariate analysis, we performed a bivariate correlation between age and each individual CBV measure. Again, the dentate gyrus was the only hippocampal subregion whose CBV correlated, inversely, correlate with age (correlation coefficient ϭ Ϫ0.77; P ϭ 0.001). Interestingly, although a statistically insignificant decline was noted in the subiculum (correlation coefficient ϭ Ϫ0.34; P ϭ 0.23), age-related CBV decline was absent in the entorhinal cortex (correlation coefficient ϭ 0.18; P ϭ 0.53) and CA1 subregion (correlation coefficient ϭ 0.02; P ϭ 0.94).
To test whether CBV measurements are related to cognitive function, a bivariate correlation was performed between memory performance on a delayed nonmatching-to-sample task (mean percent correct recognition across delays) and each individual CBV measure (Fig. 2B) . Results revealed that the dentate gyrus was the only hippocampal subregion whose CBV significantly correlated with performance on (correlation coefficient ϭ 0.83; P ϭ 0.026). The relationships between memory and CBV for the other hippocampal subregions were not statistically significant (entorhinal cortex correlation coefficient ϭ Ϫ0.13; subiculum correlation coefficient ϭ 0.48; CA1 correlation coefficient ϭ Ϫ0.17).
Imaging Aging Rats. The numbers of cells that express Arc RNA after behavioral exploration was determined by using the cat-FISH method. Dentate gyrus granule cells and pyramidal cells in hippocampal regions CA1 and CA3 were counted in each of the three age groups (Fig. 3 ). An ANOVA was used to first compare the number of cells that expressed Arc mRNA across subregions. Independent of age, pyramidal cells of the CA3 subregion (t ϭ Ϫ17.6; P Ͻ 0.001) and of the CA1 subregion (t ϭ Ϫ43.7; P Ͻ 0.001) expressed a significantly higher number of Arc-positive cells compared with the granule cells of the dentate gyrus. This difference is consistent with prior electrophysiological studies showing that, compared with pyramidal neurons, a majority of granule cells exhibit low firing rates while rats perform a spatial task (31) .
As in the monkeys, a circuit analysis was first performed by including Arc levels from each hippocampal subregion into a multivariate regression model. The granule cells of the dentate gyrus were the only neurons with a significant inverse relationship with age group (beta ϭ Ϫ0.51; P ϭ 0.005). This finding was confirmed in a univariate ANOVA model, where a significant effect was found only for the dentate gyrus, in which an age-related decline in Arc-containing granule cells was observed [P Ͻ 0.002, ANOVA with Fisher's PLSD (protected least significant difference) post hoc test]. Importantly, as in the imaging studies, pyramidal-cell subregions of the hippocampus showed equivalent numbers of Arc RNA-expressing cells, suggesting that these cell types were unaffected by advancing age (Fig. 3) .
Discussion
The functional organization of the hippocampal formation presents an obstacle when attempting to isolate the primary site of memory dysfunction (6) . The hippocampal subregions are interconnected, and, therefore, a lesion in an individual subregion leads to secondary alterations in downstream subregions by means of transsynaptic mechanisms (1). Therefore, techniques that assess the function of the hippocampus globally and techniques that assess the function of an individual subregion in isolation are not ideally suited to pinpoint the primary source of dysfunction. By relying on approaches that map the functional integrity of the hippocampal subregions in living brains, we have isolated subregions differentially sensitive and resistant to the aging process.
Although age-related hippocampal dysfunction is observed in all mammalian species, rats are the most popular animal model of normal aging (32) , and monkeys most closely resemble the human aging process (33) and human hippocampal formation (34) . Both species were investigated in this study by using different but complimentary imaging techniques. The hippocampus of aging rhesus monkeys was investigated with an MRI measure of CBV. CBV was the first hemodynamic variable Fig. 2 . CBV measured from the dentate gyrus differentially correlates with age in rhesus monkeys. (A) Individual examples of gadolinium-induced change in MRI signal, a measure of CBV and a correlate of brain metabolism, acquired from a young and old rhesus monkey. Warmer colors indicate higher CBV. The white circle, identified in precontrast images, overlies the dentate gyrus. (B) CBV measurements are plotted against age for individual hippocampal subregions. A significant age-related decline in CBV was observed only the dentate gyrus. (C) CBV measurements are plotted against memory performance on the delayed nonmatching-to-sample test. A significant relationship between CBV and memory was observed only in the dentate gyrus.
to be successfully measured with MRI technology (35) , and a wide range of studies has established its intimate relationship to blood flow and brain metabolism (for examples, see refs. 15 and 16) . Most relevant to this study, MRI measures of CBV have been found to linearly correlate with basal glucose metabolism (18) , and CBV has successfully detected the effects of aging (36) and hippocampal dysfunction in Alzheimer's and other diseases (20, 21) . Here we used an approach that generates CBV images with high spatial resolution (17) , allowing us to visualize and analyze individual hippocampal subregions. Our first imaging study found that the dentate gyrus is the hippocampal subregion most sensitive to the effects of advancing age in rhesus monkeys.
Despite the ability to visualize individual hippocampal subregions in living brains, MRI does not possess cellular resolution. Furthermore, because it is inherently an indirect measure of brain metabolism, CBV, like any hemodynamic variable, is prone to misinterpretations (22) . For example, an age-related change in vascular biophysics may lead to hemodynamic changes independent of underlying brain metabolism (37, 38) . On both counts, directly imaging behaviorally induced Arc expression in hippocampal neurons compliments MRI. Arc expression effectively reports on spike activity (24, 25) , and, therefore, its expression is a direct correlate of neuronal physiology. Furthermore, Arc expression is associated with long-term potentiation (23), a mechanism of plasticity linked to memory and impaired in age-related memory decline (1). Our second imaging study found that the dentate gyrus is the hippocampal subregion most sensitive to the effects of advancing age in rats.
By demonstrating a consistent pattern of age-related decline in the dentate gyrus, in two species that do not develop Alzheimer's disease, these results also act to confirm a prior human imaging study (14) and prior findings in aging rats (39) . Thus, despite a variety of functional imaging techniques applied to a range of species, results converge on the same finding: The dentate gyrus is the hippocampal subregion most vulnerable to advancing age, whereas the pyramidal cell subregions are relatively spared, in rats, monkeys, and humans.
By identifying the neuronal population most sensitive to aging, these results set the stage for isolating the biochemical factors within granule cells that underlie the physiologic defect. Prior studies have observed, for example, a reduction in glutamate receptors in the granule cells of aging rhesus monkeys, a finding that can account for our findings (40) . Nevertheless, by explicitly comparing molecular profiles of granule and pyramidal hippocampal neurons across the lifespan, future studies can begin to identify molecules most relevant to the aging process.
Our results, furthermore, clarify a distinction between normal aging and Alzheimer's disease, a pathological process that also targets the aging hippocampal formation. In contrast to aging, Alzheimer's disease causes clear histological changes, and the pattern of cell loss in Alzheimer's disease and other markers of disease have been used to identify vulnerable subregions of the hippocampal formation. The vast majority of studies have documented that the pyramidal cells of the hippocampal formation are most vulnerable, whereas the granule cells are relatively resistant, to Alzheimer's disease pathology (41) (42) (43) (44) (45) (46) (47) (48) . When changes have been observed in the dentate gyrus (49), they are postulated to occur secondarily to upstream lesions in the entorhinal cortex. Thus, by establishing differential patterns of hippocampal dysfunction, these studies confirm that aging and Alzheimer's disease are indeed distinct entities. Furthermore, imaging the functional integrity of individual hippocampal subregions is an effective method to detect the earliest stage of Alzheimer's disease, when it behaviorally overlaps with normal aging. On average, older rats express Arc RNA in fewer cells than did young rats, and this significant age-related decline in Arc expression was observed only in the dentate gyrus.
